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ABSTRACT The aggregation of distributed energy resources (DERs) enables them to provide various
grid services as a virtual power plant (VPP). Utilities use enterprise control solutions, such as advanced
distribution management systems (ADMS) and distributed energy resource management systems (DERMS),
to efficiently integrate DERs and realize the benefits of a VPP. These control solutions can complement
each other to offer additional benefits. This paper evaluates the coordinated operation of an ADMS and
a DERMS that collectively implements a VPP to provide peak demand reduction and voltage regulation
through the simulation of an actual distribution feeder. A commercial ADMS reduces the peak demand
through conservation voltage reduction (CVR). A prototype DERMS dispatches residential battery energy
storage systems (BESS) based on real-time optimal power flow to provide additional peak demand reduction.
The DERMS also maintains voltage regulation across the feeder by controlling both residential batteries
and rooftop PV systems. The results from the controller-hardware-in-the-loop (CHIL) real-time simulations
conducted in a realistic laboratory environment show that the coordinated operation of the ADMS and the
DERMS effectively achieves peak demand reduction while enforcing voltage regulation across the feeder.
Specifically, the ADMS dynamic voltage regulation (DVR) application and DERMS working together
achieved a peak demand reduction of nearly 500 kW, whereas the ADMS DVR application alone obtained
a reduction of approximately 100 kW. The DERMS VPP control in this work relies on the residential BESS
for the demand reduction; the demand reduction accomplished depends on the BESS capacity available in
the distribution system.

INDEX TERMS Advanced distribution management system (ADMS), DER aggregator, distributed energy
resource (DER), distributed energy resource management system (DERMS), distribution system, energy
storage, optimal power flow, virtual power plant (VPP), voltage regulation.

NOMENCLATURE ANSI American National Standards Institute.
Acronyms BESS Battery energy storage system.
ADMS Advanced distribution management system. CHIL Controller-hardware-in-the-loop.
AMI Advanced metering infrastructure. CVR Conservation voltage reduction.
DER Distributed energy resource.
The associate editor coordinating the review of this manuscript and DERMS Distributed energy resource management
approving it for publication was Fabio Massaro . system.
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DNP3 Distributed Network Protocol 3.
DVR Dynamic voltage regulation.
EMT Electromagnetic transient.

EPRI Electric Power Research Institute.

EV Electric vehicle.

HCE Holy Cross Energy.

HELICS Hierarchical Engine for Large-scale Infras-
tructure Co-Simulation.

LTC Load tap changer.

NREL National Renewable Energy Laboratory.

NRECA National Rural Electric Cooperative Associ-
ation.

NSRDB National solar Radiation Database.

p.u. Per unit.

PV Photovoltaic.

RT-OPF Real-time optimal power flow.

SCADA Supervisory control and data acquisition
system.

SOC State of charge.

VPP Virtual power plant.

VR Voltage regulator.

ZIP Constant impedance, Z, constant current, I,
and constant power, P.

Metrics

PR0x Maximum substation demand reduction
(kW).

Tox Total duration of voltage exceedances (node-
hours).

Omax Maximum PV reactive power output (kvar).

N; LTC and VR tap changes.

ES Energy savings (%).

Parameters

Avg. V Average voltage (p.u.).

Avg. SOC  Average state of charge (%).

P,, Py, P.  Substation active power demands in phases A,
B, C (kW).

Ppy Total active power output from PV (kW).

Opy Total reactive power output from PV (kvar).

PpEss Total active power output from BESS (kW).

I. INTRODUCTION

More than 200 million distributed energy resources
(DERs)—such as photovoltaic systems (PV), battery energy
storage systems (BESS), electric vehicles (EVs), and wind
turbines—are expected to be integrated into distribution grids
by 2030 [1]. This constitutes nearly 200 GW of flexible
load within the United States alone, which represents 20%
of the forecasted peak demand [2]. DERs can create several
operational challenges, including voltage issues, overloading,
reverse power flows, and protection miscoordination [3], [4].
To ensure the secure, reliable, and efficient operation of
distribution networks, utilities are increasingly deploying
intelligent controls, such as advanced distribution manage-
ment systems (ADMS) [5] and distributed energy resource
management systems (DERMS) [6].
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An ADMS is an integrated platform that provides the
distribution system operator with various network moni-
toring, analysis, and control functions—such as volt/VAR
optimization, fault management, and outage management—
for optimized grid operation [5]. The ADMS receives the
real-time measurement data from numerous points across
the distribution network via the supervisory control and
data acquisition (SCADA) system; however, the ADMS
typically does not have visibility of or control over the
behind-the-meter DER assets [1]. On the other hand, the
DERMS solutions are focused on monitoring and controlling
the decentralized DERs, including the behind-the-meter
residential PV and BESS [7]. The DERMS can optimize
and dispatch the DERSs to support various grid services, such
as peak load management, voltage regulation, congestion
management, and demand response [8], [9].

When the DERMS operations are coordinated with the
ADMS, the DERMS can offer additional services in the
form of a virtual power plant (VPP). A VPP refers to
the aggregation of DERs to form a single larger power
plant [10]. The ability to monitor and control the DERs—both
the utility-scale and behind-the-meter DERs—in distribution
grids is key to realizing a VPP. This paper evaluates
the coordinated operation of a commercial ADMS and a
prototype DERMS in achieving peak load reduction and
voltage regulation.

Several works in the literature focus on controlling DER
groups—such as flexible residential loads [11], [12] and
commercial building loads [13]—to follow power reference
set points at the substation. The works [14], [15], [16], [17]
involved the aggregation of various DER groups to provide
grid services, such as peak load management, flexibility,
and frequency regulation. Many recent studies developed
solutions for aggregating EVs [18], [19], [20], [21] to
support grid benefits. All these works, however, ignore
the network power flows and the associated constraints.
As a result, the bus voltage levels are not guaranteed
to stay within the American National Standards Institute
(ANSI) voltage limits [22]. Voltage control methods using
feedback-based real-time optimization can be used to ensure
voltage regulation. These methods use network information
and real-time measurements to dispatch the DERs. The
methods using the voltage measurement feedback [23], [24],
distributed control strategies [25], [26], [27], [28], [29],
and manifold-based algorithms [30], [31], [32] are some
examples that enforce voltage regulation in distribution
networks, but they do not include VPP controls.

Most of the aforementioned works use numerical simu-
lations of small test systems and do not study coordination
with existing enterprise controls at the utility, such as an
ADMS. For the practical applicability of these technologies,
it is important to evaluate their performance with actual
distribution feeder models and hardware controllers to
study the potential challenges related to scalability, system
integration, and instability. The findings from such realistic
studies can help utilities derisk deployment in the field.
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Further, although the integration of ADMS and DERMS
is a desirable industry progression [1], [7], [33], [34], the
relevant studies are lacking; the works reported in this
regard [35], [36], [37], [38] demonstrate only voltage regula-
tion using the ADMS-DERMS coordination. To address these
gaps, this paper evaluates the performance of the coordinated
ADMS-DERMS operation in achieving peak load reduction
using residential PV smart inverters and BESS while main-
taining voltage regulation. A commercial ADMS is interfaced
with a prototype DERMS using industry-standard protocols
for this evaluation. The ADMS reduces the peak demand
using a dynamic voltage regulation (DVR) application [39].
The DVR application controls legacy assets, such as load
tap changers (LTCs) and voltage regulators (VRs), to reduce
the system voltages. As a result, the load demand is
reduced through conservation voltage reduction (CVR). CVR
is a process of reducing the load demand by reducing
the bus voltages. The real-time optimal power flow (RT-
OPF) algorithm, developed in [40], which uses network
information and voltage and power measurement feedback
for the VPP and voltage regulation controls, is used for the
prototype DERMS. The linearized power flow approximation
methodology of [40], which is employed in this study, can be
applied to multi-phase distribution networks with both radial
and meshed topologies. This paper studies the individual
contributions of the ADMS and prototype DERMS solutions
as well as their contribution when interfaced with each other
in achieving peak demand reduction and voltage regulation.
Specifically, we demonstrate that their coordinated operation
offers superior performance compared to when they are
acting alone.

The key contributions of this paper are to:

1. Evaluate the performance of ADMS and DERMS using
a real-world distribution feeder. We interface a commercial
ADMS with a prototype DERMS and use a detailed feeder
model developed using the data provided by a utility for the
evaluation.

2. Provide insights into the coordinated operation of the
ADMS and DERMS in achieving peak demand reduction
and voltage regulation compared to each control acting
independently.

3. Offer guidance to distribution utilities on the field
deployment of ADMS and DERMS solutions and the
expected benefits. This helps the utilities in making invest-
ment decisions.

In the remainder of this paper, Section II includes the
distribution system modeling details. Section III presents the
real-time simulation setup, the ADMS-DERMS integration,
and the cosimulation details. Section IV describes the metrics
used for the evaluation. Section V discusses the simulation
scenarios and results. Finally, Section VI provides the
conclusions.

Il. DISTRIBUTION FEEDER MODELING
A detailed distribution feeder model developed based on the
data from the utility Holy Cross Energy (HCE) is used for
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the demonstrations in this study. This is a 14.4-kV feeder
with a peak load of 4.5 MW, located in Colorado within the
service territory of the utility. The topology of the feeder is
shown in Fig. 1. The legacy devices on this feeder for voltage
regulation include a load tap changer (LTC) at the substation
and three single-phase VRs installed at a three-phase bus,
as highlighted in Fig. 1. There are 1,137 residential loads
modeled, of which 163 loads represent all-electric homes.
We assumed that these homes have PV and BESS installed
on their premises that participate in the VPP and voltage
regulation controls by the DERMS. The voltage feedback
locations for the DVR application of the ADMS, described
in Section III-A, as well as the all-electric homes with
DERs where the DERMS receive the voltage measurement
feedback, are marked in Fig. 1.

In the United States, high load demand in power distribu-
tion systems is typically observed during the late afternoon
and early evening hours. This time period is often referred
to as the “peak demand” or ““peak load” hours. It typically
occurs between 4:00 p.m. and 8:00 p.m., when businesses
are still operating at the same time that many people are
returning home from work, and household energy consump-
tion increases as people cook dinner, use appliances, and
engage in other activities that require electricity. The exact
timing can vary depending on geographic location, climate,
and local energy consumption patterns. In the area where
Holy Cross Energy’s distribution feeder is located, the peak
demand occurs between 4 p.m. and 9 p.m. [41]. We selected
the time frame from 4:30-7:30 p.m. because it falls within
the anticipated peak demand window, and it represents high
load demand with low PV generation conditions, making it
suitable for peak demand management studies. This is an
ideal period to perform peak demand reduction to reduce the
demand charges. Therefore, we selected the simulation period
4:30 p.m.-7:30 p.m. on December 30, 2019, for the real-time
simulations because this period has high load demand and
low PV generation, making it an ideal period to perform peak
demand reduction to reduce the demand charges.

Substation
e

VR
All-electric homes with DERs
DVR LTC feedback

DVR VR feedback

4> o oo

Feeder section //
inOPALRT [ &

FIGURE 1. Topology of the distribution feeder.

The loads are modeled as ZIP loads to account for the
voltage dependency. The ZIP coefficients [0.24, 0.36, 0.4]
are selected based on [42] and a pilot study conducted by
another utility and are used for the load modeling. Further,
the time-varying load profiles generated based on the actual
advanced metering infrastructure (AMI) data collected in the
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field are used for the loads. Solar irradiance data pertaining
to the feeder location were downloaded for the full year from
the National Solar Radiation Database (NSRDB) [43]. These
data are used as inputs to all the PV systems. The PV profile
for the simulated day is shown in Fig. 2; the profile during
the simulation period is highlighted in red.
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FIGURE 2. Solar irradiance profile.

The PV and BESS are modeled using the standard PV
system and storage objects available in OpenDSS. The
PV panel is sized such that the total annual generation
matches 120% of the total annual load consumption at the
same residential location [44]. Additionally, the PV inverter
kVA rating is assumed to be 110% of its kW rating. The
BESS sizes are assumed such that their peak kW values
are higher than those of the PV units considering the
discrete sizes of commercially available BESS products.
Additionally, the BESS capacity ratings are selected based
on the commercially available products for these kW ratings
of the BESS. Further, the initial BESS state of charge (SOC)
at the beginning of the simulation period is set at 80%, and
the lower SOC limit below which the BESS would stop
discharging is set at 20%. The total residential PV and BESS
ratings are shown in Table 1. The PV penetration level is 35%
relative to the peak load.

TABLE 1. Total residential PV and BESS ratings.

DER Phase A Phase B Phase C Total

PV power 495 kW 588 kW 552 kW 1635 kW
BESS power 295 kW 360 kW 335 kW 990 kW
BESS capacity 796 kWh 972 kWh 904 kWh 2372 kWh

lIl. REAL-TIME SIMULATION SETUP FOR VIRTUAL
POWER PLANT AND VOLTAGE REGULATION EVALUATION
This paper demonstrates the coordinated operation of an
ADMS and a DERMS, which operates a VPP, in achieving
peak load reduction and voltage regulation on a national,
vendor-neutral ADMS test bed. The ADMS test bed was
developed at the National Renewable Energy Labora-
tory (NREL) with funding from the U.S. Department of
Energy Office of Electricity to enable utilities, vendors,
and researchers to evaluate existing and future ADMS,
DERMS, and other utility management system applications
as well as grid control architectures in a realistic laboratory
environment [45].

The real-time simulation setup used in this work is shown
in Fig. 3. The ADMS test bed consists of multiple subsys-
tems, including a multi-timescale simulation platform and
hardware controllers. It also includes a prototype DERMS
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developed at NREL. A commercial ADMS, SurvalentONE,
is interfaced with the simulation and hardware components
of the test bed using industry-standard communications
protocols. The MultiSpeak communications standard is used
to interface the ADMS and the DERMS. The details of the
individual subsystems and their integration are presented in
this section.

Analog controls & feedback
- Digital communications
Cosimulation

DVR SCADA

ADMS Test Bed

Ll bl Multi-timescale Simulation
Interface i CHIL !
OpenDSS Opal-RT Voltzgege ulator
DERMS ontrofler :
Coordinator . H
% . ITC Controller -
o

Test bed Y
Coordinator

.
Distribution Feeder Feeder Subsection

Local DER controllers

FIGURE 3. Schematic of the ADMS test bed for the VPP evaluation.

A. ADMS AND DVR

We used SurvalentONE’s DVR application for the feeder
demand reduction. For this evaluation, the ADMS had control
of an LTC at the substation and a VR halfway downstream of
the feeder, as shown in Fig. 1. The laboratory setup included
the substation LTC to help illustrate the impact of the DVR
in the entire feeder, even though HCE does not have control
of the substation control equipment; HCE’s bulk electricity
provider has control of the substation equipment in the field.
The initial voltage set point and the limit for each device
are listed in Table 2. Additionally, the LTC and VR local
controllers use a deadband of 3 V and 2 V around their
voltage set points, respectively. The DVR application relies
on SCADA data or AMI information to avoid exceeding any
voltage restrictions or operational limits. During our testing,
the DVR execution was configured to evaluate the feeder
status every minute and issue a new set point to help quickly
obtain energy savings. This was made possible by setting
the SCADA to a polling cycle of 30 seconds. There are six
voltages used for feedback—three for the LTC and three for
the VR—to allow the DVR application to correct or control
the voltage along the feeder. Three points are selected to be
near the device, and the other three are selected to represent
voltages far from each controller. These six locations are
marked in Fig. 1.

TABLE 2. LTC and VR set points and limits.

Initial Near Near Far Far
Regulator | Set High Low High Low

Point Limit Limit Limit Limit
LTC 121V 124V 115V 124V 114V
VR 123V 124V 115V 124V 114V

The ADMS also issues a feeder head power limit for the
DERMS to maintain by using its VPP controls.
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FIGURE 4. lllustration of prototype DERMS.

B. PROTOTYPE DERMS

The prototype DERMS developed at NREL [46], [47], based
on the RT-OPF algorithm proposed in [40], is used in this
work. The DERMS comprises a coordinator and a set of local
DER controllers, as illustrated in Fig. 4. For this real-time
simulation setup, only the PV and BESS are controlled, but
the DERMS can also manage EVs; electric water heaters;
and heating, ventilating, and air-conditioning systems. The
coordinator receives the feeder head power measurements
and bus voltage measurements from the all-electric home
locations across the feeder in real-time as feedback. Other
voltage locations could be added, as needed. Also, in this
real-time simulation setup, these data are provided by
the test bed coordinator (described in Section III-E) from
OpenDSS and OPAL-RT, but in the field, the feeder head
data would come from ADMS SCADA and the bus voltage
from local DER controllers, and this was demonstrated with
the test bed in [37]. Then it computes the dual variables
(gradients) for each local DER controller. These gradient
signals are then communicated to the individual local DER
controllers.

Each local DER controller uses the gradients received
from the coordinator and the DER statuses, such as power
outputs from the PV and BESS SOC to solve the optimal
set points for different DERs associated with that local
DER controller. These set points are then sent to the
individual DERs. This computation happens during each
simulation time step, and the DER power outputs are updated
accordingly in real-time. The collective response of all
the local DER controllers ensures that the system-wide
objectives are met. Specifically, active power tracking at
the feeder head is ensured when the DERMS VPP control
is enabled, and the bus voltage regulation across the
feeder is ensured when the DERMS voltage regulation is
enabled.
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C. MULTI-TIMESCALE SIMULATION

The ADMS test bed used for the real-time simulations is
shown in Fig. 5. The ADMS test bed runs a real-time, multi-
timescale simulation of the distribution feeder, including
any DERs, in OpenDSS and OPAL-RT’s electromagnetic
transient (EMT) simulation tool. Most of the feeder is
simulated in OpenDSS, a quasi-static time-series simulator
with a time step resolution of 2 s. The remaining section,
which is referred to as the “‘subtree’ and is encircled in Fig. 1,
consists of 70 nodes and is simulated using OPAL-RT’s EMT
simulation tool, eMEGASIM, at a simulation time step of
100 us. OPAL-RT is a digital real-time simulator to which
the LTC and VR hardware controllers are interfaced. The
subtree feeder head in OPAL-RT is modeled as a Thevenin
circuit. The Thevenin impedance is calculated based on the
short-circuit impedance at the point of common coupling.
During the multi-timescale simulation, the subtree head
voltage magnitude and angle are received from OpenDSS,
and the active and reactive power at the subtree head are fed
back from eMEGASIM to OpenDSS to close the power flow
loop [37].

FIGURE 5. ADMS test bed used for real-time simulations.

D. HARDWARE CONTROLLERS
The LTC and VR hardware controllers are interfaced with
the simulation through OPAL-RT to perform controller-
hardware-in-the-loop (CHIL) cosimulations. The Beckwith
Electric LTC and a Schweitzer Engineering Laboratories
VR controller were configured per the field settings. The
analog interfaces of the OPAL-RT platform provided the
simulation input necessary to incorporate the LTC and
VR controllers as CHIL. Distributed Network Protocol 3
(DNP3) communications between the SurvalentONE and
both the LTC and VR were configured to provide situational
awareness during the simulation. Additionally, this mode of
communication allowed the ADMS to control both devices.
Once the DVR is enabled, the ADMS evaluates the current
state of the feeder voltages and can issue a command to raise
or lower the taps on the LTC and/or the VR controllers to
achieve its objective. During the evaluation, to incorporate
the control action of the hardware, the controllers provided
an analog signal to the OPAL-RT during a tap operation that
was digitized and communicated to the OpenDSS simulation.
The controllers continue to issue a signal to raise or lower
the tap position to the corresponding device in the OpenDSS
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simulation until the feedback input to the controller reaches
its set point operating band.

E. SUBSYSTEM INTEGRATION AND COSIMULATION
Besides the controller hardware, the subsystem integration
efforts primarily focused on developing the industry-standard
communications interfaces to interface the SurvalentONE
ADMS with the DERMS and on developing a cosimulation
manager referred to as the test bed coordinator.

The DERMS is interfaced with the ADMS using the
MultiSpeak communications standard to enable coordinated
operation. MultiSpeak [48] is a key industry-wide standard
for enabling the interoperability of enterprise applications
including ADMS and DERMS. It is most widely used by
distribution utilities in the United States. We worked with the
National Rural Electric Cooperative Association (NRECA),
the developer of the MultiSpeak standard, to develop a
business process to support the messages between the ADMS
and DERMS for coordination.

The ADMS sends enable/disable commands to the
DERMS as MultiSpeak messages for both VPP and voltage
regulation controls. Additionally, the ADMS sends the target
feeder head power references for the DERMS to track for
the VPP control as well as the start time and the duration
of the control event. NRECA provided a limited release of
this new business process for our use, and Survalent updated
its MultiSpeak interface to support this new process. We also
partnered with the Electric Power Research Institute (EPRI)
to provide a MultiSpeak interface for NREL’s prototype
DERMS.

Further, the OPAL-RT platform also has capabilities to
communicate using industrial communications protocols,
including DNP3 and Modbus. We used OPAL-RT’s DNP3
communications interface to provide the voltage feedback
from both eMEGASIM and OpenDSS to the ADMS.

The test bed coordinator, which is essentially a cosim-
ulation manager developed in Python, is used to perform
the cosimulations. The test bed coordinator uses the Hierar-
chical Engine for Large-scale Infrastructure Co-Simulation
(HELICS) framework [49], a scalable, open-source platform
that allows synchronous data exchange among multiple sub-
systems to perform integrated cosimulations through time.
The test bed coordinator is responsible for enabling/disabling
the DERMS VPP and voltage regulation functions in
response to the commands received from the ADMS; setting
the simulated device statuses in the OpenDSS using the
Python library [50], including the LTC and VR tap positions,
based on the signals received from the hardware controllers
via OPAL-RT; and setting the PV and BESS simulated device
powers based on the set points received from the DERMS.
Further, it also collects the necessary measurement feedback
data from the OpenDSS power flow and communicates these
to the ADMS and the DERMS. Specifically, the feeder head
power measurements and all-electric home bus voltages are
communicated to the DERMS, and the feedback bus voltages
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for the DVR are communicated to the ADMS DVR controls
at each time step.

IV. METRICS FOR EVALUATION

The performance of the coordinated operation of the ADMS
and the DERMS in performing the VPP and voltage
regulation controls is evaluated using the following metrics:

1. Maximum substation demand reduction (PR, ): This
is the maximum active power demand reduction at
the substation compared to the baseline during the
simulation period.

2. Total duration of voltage exceedances (T,yx): The voltage
magnitude of a bus being outside of the ANSI voltage
range from 0.95 p.u.-1.05 p.u. is referred to as the
voltage exceedance in this work. Further, a bus can
have multiple phases, and each phase is considered
as a node; thus, a three-phase bus has three nodes,
and a single-phase bus has one node. The number of
nodes exceeding the ANSI limits is multiplied by the
duration of the exceedances and presented in the units of
node-hours.

3. Maximum PV reactive power output (Qmar): The
DERMS primarily relies on the reactive power support
from the PV smart inverters to maintain the bus voltages
within the limits. The maximum total PV reactive power
output during the simulation period is recorded.

4. LTC and VR tap changes (N;): The number of times the
LTC and VR tap positions changed during the simulation
period.

5. Energy savings (ES): The energy delivered by the
substation in the baseline is computed first. Then the
reduction in the energy delivered by the substation
in the other scenarios is computed and expressed as
a percentage of the energy delivered in the baseline.
Note that the energy savings computed for the scenarios
involving the BESS also include the energy supply from
the BESS.

V. RESULTS AND DISCUSSION

The ability of the ADMS, in coordination with the DERMS,
to deliver grid services is evaluated using five scenarios,
as summarized in Table 3. The DVR and/or DERMS
functionalities enabled/disabled in each scenario are also
specified. For example, in the baseline scenario, both the
DVR and DERMS are disabled. The LTC and VRs are
operated by their local controllers using the initial set points
in Table 2 in this scenario. In the DVR-only scenario, the
DVR is enabled to control the LTC and the VR taps to reduce
the demand through CVR, and the DERMS is disabled.
Other scenarios follow along the same lines as specified
in Table 3. The times when the DVR, DERMS VPP, and
DERMS voltage regulation controls are enabled/disabled in
the scenarios wherever applicable are fixed and listed in
Table 4. They are also marked in the figures by the vertical
dashed black lines.
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TABLE 3. Real-time simulation scenarios.

Scenario DVR DERMS
Baseline Disabled Disabled
DVR-only Enabled Disabled
DERMS-only Disabled Enabled
DVR + DERMS VPP-only Enabled Enabled VPP-only
DVR + DERMS Enabled Enabled

TABLE 4. Control enable/disable times.

Control Enable Time Disable Time
DVR 16:45 19:05
DERMS voltage regulation 16:40 19:30
DERMS VPP 17:00 19:00

A. BASELINE SCENARIO

The results from the baseline scenario are shown in Fig. 6.
The feeder head powers shown in Fig. 6(a) are primarily due
to the load demand because the total PV generation shown
in Fig. 6(b) is minimal at less than 200 kW. Specifically,
the active power demand in phases A, B, and C is nearly
1350 kW, 980 kW, and 930 kW, respectively. The total rated
PV capacity is approximately 1600 kW; however, low PV
generation is observed during the selected simulation period
due to the low solar irradiance level in that period. Because
the PV systems are set to operate in unity power factor mode
in this scenario, the reactive power generation from the PV is
Zero.

The LTC and VR tap statuses are shown in Fig. 6(c). The
LTC tap position is gradually reduced to —5 during the initial
period of the simulation to maintain the feeder head voltage
within the deadband around 1.008 p.u. (121 V), which is the
LTC local controller voltage regulation set point. The VR tap
position gradually increased to 3 during the same period to
increase the bus voltages downstream of the VR to keep the
VR measured voltages close to the VR initial set point in
Table 2.

The range of the bus voltages and the average voltage (Avg.
V) during the simulation period are shown in Fig. 6(d). The
combined response of the LTC and VR controllers resulted
in the voltages falling within a fairly narrow band during the
simulation period, as observed from the bus voltages shown
in this figure. The voltage dynamics due to the LTC and VR
tap changes during the first hour of the simulation can also be
observed. It is evident that all the bus voltages are well within
the ANSI voltage limits from 0.95 p.u.—1.05 p.u., marked by
the dashed red lines in this figure.

The voltage heat map at time 17:00, when the LTC and VR
tap positions have settled, is shown in Fig. 7. The bus voltages
in the feeder section from the LTC to the VR are lower than
those in the feeder section downstream of the VR. Note that
this is due to the LTC local controller voltage setting being
lower (121 V) than that of the VR (123 V). Although the
lowering of the LTC tap position by its respective controller
reduced the bus voltages on the feeder up to the VR, the
raising of the VR tap position increased the bus voltages
downstream of the VR. Because we recorded only the bus
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FIGURE 6. Baseline results: (a) feeder head powers, (b) total PV output,
(c) LTC and VR tap statuses, and (d) bus voltages.

voltages from the feeder section modeled in OpenDSS, the
subtree section modeled in OPAL-RT is greyed out in this
bus voltage heat map and in those presented in the subsequent
sections.

B. DVR-ONLY SCENARIO

The DVR-only scenario allows us to study the DVR
contribution to reducing the peak demand through the
CVR. In this scenario, the DVR is enabled at 16:45 and
disabled at 19:05, marked by the vertical dashed black
lines in Fig. 8. The dynamics in the system due to the
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initial conditions are expected to settle within the first
15 minutes, i.e., by 16:45, so we can observe the effect of
the DVR more clearly. The legacy device tap changes—i.e.,
the LTC and VR tap position changes in this scenario—are
shown in Fig. 8(a). Before enabling the DVR, the legacy
device taps are changed by their respective local controllers.
The LTC and VR taps are settled at positions —4 and 2,
respectively, at around 16:35 during this period, similar to
the baseline scenario. After enabling the DVR application in
the ADMS, these taps are changed by the DVR application.
The objective of the DVR is to reduce the system voltages as
much as possible—without causing voltage exceedances—to
accomplish demand reduction; therefore, the DVR gradually
lowered the LTC tap position at the feeder head down to —11.
Because this would cause low-voltage issues downstream, the
DVR raised the VR tap position to 4 to raise the bus voltages
far from the substation. The lowering of the LTC tap and the
raising of the VR tap positions together help accomplish a flat
voltage profile across the feeder.

The bus voltage range is shown in Fig. 8(b). In this figure,
the red dotted lines represent the ANSI voltage limits of
0.95 p.u. and 1.05 p.u. As observed in this figure, the bus
voltages are restricted to the lower ANSI voltage band from
0.95 p.u.—1.0 p.u. after enabling the DVR; thus, the DVR
application effectively performed CVR using the LTC and
VR. Some bus voltages went below 0.95 p.u. momentarily
at around 16:50 due to the LTC/VR tap position changes.

The DVR application relies on the SCADA voltage
measurements from the field as feedback for its algorithm.
Up to six downstream voltages can be selected as feedback for
each device controlled by the DVR application. This voltage
measurement feedback allows the DVR application to detect
and mitigate voltage excursions occurring on the feeder. The
DVR application compares the feedback measurements with
the configured limits (Table 2) and issues set points to the
LTC and VR to adjust the voltages to be as low as possible
without exceeding the limits. The selected bus voltages sent
as the feedback to the DVR for controlling the legacy device
taps are shown in Fig. 8(c). It is observed that the feedback
voltages are maintained above the DVR lower voltage limit
of 0.95 p.u. after the voltage dynamics are settled at around
16:55. The DVR is disabled at 19:05, and therefore the LTC
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and VR taps went up again based on their local controllers’
response. Thus, CVR was not enforced after 19:05.

The feeder head power demand reduction with respect to
the baseline is shown in Fig. 8(d). As the DVR reduced
the bus voltages, the power demand is reduced through the
CVR action. It is observed that power demand is reduced
by approximately 100 kW after enabling the DVR when the
LTC and VR taps are settled at around 16:50. As the loads
are voltage-dependent, the dynamics in the system voltages
(Fig. 8(c)) due to the LTC and VR tap changes are reflected
in the power demand in Fig. 8(d) between 16:45 and 17:00.
Note that in this scenario, the demand reduction is achieved
using only the LTC and VR assets, without relying on the
BESS.

C. DERMS-ONLY SCENARIO

In this scenario, the DERMS is enabled to perform both the
VPP control and the voltage regulation. This is to study the
individual contribution of the DERMS in limiting the feeder
head powers to the target values while maintaining the bus
voltages within the limits without the support of the DVR.
The results of this scenario are shown in Fig. 9. The DERMS
voltage regulation is enabled at 16:40, and the VPP control
is enabled at 17:00, with the target active power limits of
1200 kW, 800 kW, and 800 kW in phases A, B, and C,
respectively.

The active powers in the individual phases at the feeder
head in this scenario are shown in Fig. 9(a). The powers are
similar to those observed in the baseline before the DERMS
VPP control is enabled at 17:00. It is evident that the feeder
head powers are reduced and limited to the target values after
the DERMS VPP is enabled at 17:00. The demand reduction
in this scenario is accomplished by DERMS controlling
the residential BESS to discharge active power when the
VPP control is enabled. The total active power output of
the residential BESS and the average SOCs are shown in
Fig. 9(b). This is equivalent to the VPP active power because
the DERMS does not alter the PV active power for the VPP
control. A total of nearly 500 kW is injected into the system in
a steady state from 17:30 to 18:40. The VPP control response
is fast, and the demand reduction is accomplished within a
few minutes (see Fig. 9(a)). As is evident in Fig. 8(b), the
total BESS power output remained mostly steady until 18:40.
Near 18:40, some of the residential BESS hit their lower SOC
limit of 20% and could not inject the required active power
into the network. This resulted in the transients in the total
BESS power injection and consequently in the feeder head
powers, as is evident in Fig. 9(a) and Fig. 9(b).

The total PV power output in this scenario is the same
as that in the baseline shown in Fig. 6(b) and is therefore
not shown again. The bus voltages shown in Fig. 9(c)
are all within the DERMS voltage regulation range from
0.96 p.u.—1.04 p.u.; therefore, the reactive power support
from the residential PV is zero. Further, the increase in the
bus voltages caused by the active power injection from the
BESS when the VPP control is enabled at 17:00 is evident in
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FIGURE 8. DVR-only results: (a) LTC and VR tap statuses, (b) bus voltages,
(c) DVR feedback voltages, and (d) feeder head demand reduction.

Fig. 9(c). Some voltage transients are observed around 18:40.
This is due to some BESS not being able to discharge the
requested powers, as mentioned earlier.

D. DVR + DERMS VPP-ONLY SCENARIO

This real-time simulation is conducted to study the effec-
tiveness of the ADMS using DVR and the DERMS. In this
scenario, only VPP control is used by the DERMS without
the burden of maintaining the bus voltages within the limits.
The total power output and the average SOC of the residential
BESS in this scenario are shown in Fig. 10(a). The power
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FIGURE 9. DERMS-only results: (a) feeder head power, (b) total storage
output and average SOC, and (c) bus voltages.

output from the BESS in steady state is around 400 kW,
which is nearly 100 kW less than that in the DERMS-
only scenario. This is because the DVR application in this
scenario already reduced the load demand through the CVR
by keeping the bus voltages lower than they are in the
DERMS-only scenario, as shown in Fig. 9(b). This lower
power injection from the BESS ensured that all the BESS had
adequate SOC levels until the end of the VPP control period;
thus, the BESS power output dynamics observed near 18:40
hours in the DERMS-only scenario are not observed in this
scenario. Because the residential BESS discharged the power
as requested throughout the VPP control period, the feeder
head powers are tightly regulated at their target values, as is
evident in Fig. 10(b).

The power output from the individual BESS at 17:30 is
shown in Fig. 11 as a heat map. It is observed that most
of the active power from the BESS is injected into the two
neighborhoods in the middle of the feeder where the DERs
are clustered. None of the residential BESS injected more
than 5 kW of active power. Although the residential BESS
are small and scattered all over the feeder, the DERMS
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FIGURE 10. DVR + DERMS VPP-only results: (a) total storage output and
average SOC and (b) feeder head power.

VPP control successfully obtains the required 400 kW of
active power for the peak demand reduction from those
BESS.
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FIGURE 11. Storage output heat map at time 17:30 in the DVR + DERMS
VPP-only scenario. A negative sign indicates discharging.

E. DVR + DERMS SCENARIO

In this scenario, the DERMS voltage regulation, DVR, and
DERMS VPP controls are all enabled. The feeder head power
limit is maintained, and the BESS injection is similar to the
DERMS-only scenario; therefore, these results are not shown
to avoid redundancy. The bus voltages in this scenario are
shown in Fig. 12(a). The bus voltages are all well within
the ANSI limits before the DVR is enabled at 16:45. Once
enabled, the DVR reduces the bus voltages by controlling
the LTC and VR tap positions similar to the DVR-only
scenario. This voltage reduction caused some bus voltages
to exceed the lower voltage limit of the DERMS voltage
regulation (0.96 p.u.), indicated by the dotted green line. The
DERMS voltage regulation controlled the PV smart inverters
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to inject reactive power to increase the bus voltages, as is
evident from the total PV output plots in Fig. 12(b). The
reactive power output from the PV systems remained mostly
constant until the DERMS VPP control was turned off at
19:00. At 19:00, the PV reactive power started increasing as
the bus voltages further reduced (see Fig. 12(a)) because of
the BESS power injection rapidly dropping to zero. When the
DVR was disabled at 19:05, the reactive power from the PV
started reducing, finally became zero when the bus voltages
increased, and settled within the DERMS voltage regulation
limits toward the end of the simulation.
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FIGURE 12. DVR + DERMS results: (a) bus voltages and (b) total PV
output.

The PV reactive power and bus voltage heat maps are
generated from the power flow results at time 17:30 and
are shown in Fig. 13. In Fig. 13(a), it is observed that the
reactive power injection from the residential PV is primarily
concentrated in the two neighborhoods in the middle of
the feeder where the DERSs are clustered. Consequently, the
bus voltages in those neighborhoods are higher than they
are in the rest of the feeder, as is evident in Fig. 13(b).
Further, the bus voltages in the feeder region between the
LTC and VR are lower than the voltages downstream of the
VR. This is due to the LTC tap position being considerably
lower than the VR tap position. The higher VR tap position
and the reactive power support from the PV systems helped
maintain the voltages downstream of the VR within the
limits.

F. COMPARISON PLOTS
The substation demand reductions with respect to the baseline
in different scenarios are compared in Fig. 14(a). It is
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heat map, where a positive sign indicates injection; and (b) bus voltage
heat map.

observed that the substation demand reduction is smaller
in the DVR-only scenario than in the rest of the scenarios
because the load demand reduction in this scenario is
achieved by relying on the CVR only. It is observed that a
demand reduction of nearly 100 kW is attained using the DVR
alone. The DERMS performs the demand reduction through
VPP control using the BESS. The active power injection
by the BESS has a more direct and significant impact on
demand reduction. For the scenarios in which the DERMS
is enabled, it is observed that the level of substation demand
reduction achieved via the DERMS VPP control of the BESS
depends on the total BESS power rating and the power limits
set by the ADMS. In the present study, a higher substation
demand reduction (approximately 500 kW) is achieved with
the DERMS VPP control than can be obtained with the
DVR alone because of the availability of sufficient BESS
capacity.

The minimum voltage in the feeder in all the scenarios
is compared in Fig. 14(b). It is observed that the minimum
voltage is lower in the scenarios in which the DVR is enabled
than in the other scenarios because the DVR reduced the
bus voltages for the CVR. The minimum voltage in the
DERMS-only scenario is higher than in the baseline because
the active power injection from the BESS caused a voltage
increase. The lowest minimum voltage is observed in the
DVR + DERMS VPP-only scenario because the DERMS
voltage regulation is not activated to maintain the DER bus
voltages at the all-electric homes above 0.96 p.u.
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TABLE 5. Summary of metrics.

Tow
. PR ez Q ES
Scenario AT (node- max Ny
(kW) hours) (kvar) (%)
, LTC: 5
Baseline - 0 0 VR: 3
LTC: 17
DVR-only 99.5 L15 0 VR 25 | 209
DERMS-only 4932 | 0 0 ]\‘,gcz 41 973
DVR + DERMS LTC: 19 .
VPP-only 4933 | 274 0 VR 27 | 101
DVR + DERMS | 4938 | 382 | 245 Tt | 10067

*Includes the energy supply from the BESS.

G. METRICS

The metrics described in Section IV are computed for each
scenario and are summarized in Table 5. The substation power
reduction is higher in the scenarios in which the DERMS
VPP is enabled than in the DVR-only scenario. The voltage
exceedances are found to be the highest in the DVR +
DERMS VPP-only scenario in which the DERMS voltage
regulation is disabled. The highest reactive power injection
from the PV smart inverters is recorded as 245 kvar in the
DVR + DERMS scenario. The LTC and VR tap change
counts show that the DVRs extensively used these resources
to exercise the CVR. The tap change counts are observed
to be considerably high in the scenarios in which the DVR
is enabled. The energy savings observed in the DVR-only
scenario are 2.09% compared to the baseline. In the other
scenarios, the energy savings are nearly 10%. Note that the
energy savings values in the table for the scenarios in which
the DERMS VPP is enabled include the energy supplied from
the BESS.
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VI. CONCLUSION AND DISCUSSION

The increasing levels of DERs present both challenges
and opportunities for distribution utilities. The advanced
grid monitoring and control solutions being deployed by
utilities, such as ADMS and DERMS, can help to unlock
the benefits of DERs in providing grid services, but
because each solution might not have full visibility of the
grid assets, interfacing them with each other can provide
additional benefits. This paper evaluated the performance of
a commercial ADMS interfaced with a prototype DERMS
that can manage a VPP—individually and combined—in
exercising peak demand reduction while enforcing voltage
regulation. Residential PV systems and BESS are con-
sidered as the grid resources for the DERMS for the
VPP and voltage regulation controls. The results from
the CHIL simulations show that both the ADMS and
DERMS contribute to peak demand reduction and voltage
regulation. The best performance is observed when both
the ADMS and DERMS controls are enabled and working
cooperatively.

While this work did not include a study of how
to ensure cooperation between different control systems,
we implemented the following strategies in setting up the
simulations when both the ADMS and DERMS were active.
We believe that these strategies contributed to the successful
cooperation between ADMS and DERMS, which we propose
as valuable considerations for similar deployments in the
field. First, we staggered the activation (and deactivation)
of controls, allowing one control system to settle before the
activation of the other. Second, the ADMS and DERMS
control different devices, so there is no overlap or conflict
of control signals to a specific device. Finally, the ADMS
DVR and DERMS applications operate on different time
scales, with the DVR application being much slower than the
DERMS.

The performance of the ADMS and DERMS controls is
evaluated using five metrics. A peak demand reduction of
nearly 100 kW is obtained when the ADMS DVR application
is acting alone to perform the CVR using the LTC and
VR assets. The DERMS VPP control accomplished a peak
demand reduction of approximately 500 kW by controlling
the residential BESS to discharge power. Substation power
deviations from the target values are observed during the
VPP control period because some BESS are unable to
provide the required powers after hitting their low SOC limits
when the DERMS is performing VPP without the ADMS
DVR in service. When both the ADMS DVR and DERMS
are working together, improved peak demand reduction is
accomplished because less power is required from the BESS
because some demand reduction is already being achieved by
the ADMS DVR application. Some low-voltage exceedances
are observed when the ADMS DVR application is enabled
because the DVR reduces the bus voltages to perform the
CVR. The voltage exceedances are mitigated by the PV
reactive power support when the DERMS voltage regulation
control is enabled. Higher LTC and VR tap operations are
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observed in the scenarios where the ADMS DVR is enabled
because this application relies on the LTC and VR to perform
CVR.

The security issues arising from a coordinated working
principle between DERMS and ADMS can be mitigated
by implementing robust cybersecurity measures, including
access control, vulnerability management, data encryption,
supply chain security, and developing a comprehensive
incident response plan. Future work will include develop-
ing cybersecurity measures for DER communications and
extending the prototype DERMS framework to include other
DER types such as heat pumps, electric water heaters, and
electric vehicles.
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